Cells from 4-days old suspension cultures of Paul's Scarlet rose were incubated with acetate-U-'4C for 10 minutes. After washing, cells were incubated for 2 hours in growth medium in the presence and absence of cycloheximide. The 14C content of individual amino acids in the soluble form and in protein were determined at the end of the 10 minute pulse and at intervals thereafter in control cells and those treated with cycloheximide. During the period following the pulse there was a 3-fold increase in the "4C content of protein in control cells; no such increase occurred in the presence of cycloheximide.
is emphasized by the work of Holleman and Key (14) in which they estimated that exogenously supplied leucine (5 mm solution) caused a 64-fold expansion of the protein precursor pool of leucine in soybean hypocotyls during a 5-hr incubation period. It is apparent that if this occurred during an isotope competition experiment, the nonradioactive amino acids entering the tissue from an exogenous source would seriously dilute amino acids synthesized endogenously from a radioactive precursor. Such dilution would reduce the specific radioactivity of the amino acids in the protein precursor pools and lead to a decreased incorporation of 14C into the protein of the treated tissue. It follows that in those isotope competition studies, where no consideration was given to changes in the soluble amino acids (5, 6, 15) , the reduced incorporation of "C into the protein may not be due directly to the regulation of amino acid synthesis.
The purpose of the present investigation was to determine if the synthesis of amino acids is subject to rapid control when protein synthesis is stopped. To achieve this, suspension cultures of Paul's Scarlet rose were exposed to a pulse of acetate-U-`C and its incorporation into soluble-and protein-bound amino acids was followed in control cells and in samples treated with cycloheximide, an inhibitor of protein synthesis (7, 8, 11) .
Experiments with microorganisms have shown that the rate of synthesis of individual amino acids is closely regulated by the amount present in the cell (19, 20) . Commonly, an exogenous supply of an amino acid will prevent endogenous synthesis by inhibition of specific enzymes in the synthetic pathway (end product inhibition) or by repression of synthesis of the enzymes required (20) .
Although it has been shown that key enzymes isolated from plants are inhibited by amino acids (2, 18) evidence for the operation of such control by end product inhibition in living cells of higher plants is based primarily on isotope competition experiments (5, 6, (15) (16) (17) . These experiments have required several hours for completion, and therefore, have not distinguished b.tween control arising from end product inhibition, a rapid response in microorganisms, and that due to enzyme repression, a slow response (4, 20) .
Davies has pointed out that a second complication with some isotope competition studies has been the failure to consider the influence of high concentrations of exogenously supplied nonradioactive amino acids on the size and makeup of the protein precursor pools (4) . The necessity for such consideration 1This research was supported by the United States Atomic Energy Commission Contract AT 11-1-330. 2 Present address: Department of Botany and Microbiology, The University of Oklahoma, Norman, Okla. 73069.
MATERIALS AND METHODS
Suspension cultures of Paul's Scarlet rose were grown as previously described (9) . The investigation was performed on cells harvested after 4 days of growth, at a time when the cells were undergoing rapid cell division (9) . The sterility of the cells and the medium used in the labeling experiments was established by plating each separately on Difco Bacto Nutrient Agar and incubating at 25 C for 96 hr. The alcohol extracts recovered from the samples were fractionated and the distribution of '4C in the individual soluble amino acids and those in the protein were determined as previously described (9) . The amount of "4C incorporated into the amino acids of the cycloheximide-treated cells was compared with that of the control cells.
RESULTS
In cells exposed to a 10 min pulse of acetate-U-14C ( Fig. 1) , 15 amino acids became labeled in both soluble and bound fractions (Table I and III). Immediately following the pulse, a total of 258,000 cpm of 14C were present in the soluble amino acids and slightly over 40,000 cpm in the protein. Except for leucine, each amino acid was more heavily labeled in the soluble phase than in the bound phase. Protein bound leucine contained approximately 10 times more 14C than the soluble leucine. At zero time, leucine accounted for 70% of the total "C present in protein, but only 1% of the total "C in the soluble amino acids. In contrast to this, glutamate was heavily labeled in the soluble phase (75% of total "C), but moderately labeled in the protein (17% of total "C).
In cells exposed to cycloheximide following the pulse, only a small amount of "C (4600 cpm) was incorporated into the protein during the first 20 min and none thereafter (Fig. 1) . In contrast to this, in the control cells, 19,800 cpm of "C entered the protein during the first 15 min following the pulse, and an additional 51,800 cpm accumulated during the subsequent 105 min. Increased amounts of "C in 12 amino acids accounted for the rise of "C in the protein of the control cells (Table III) .period, the protein in the treated cells experienced only minor
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control cells there was an even more rapid disappearance of Tables I to III shows that the only component whose behavior fits this pattern is glutamate. The losses of "C from this single constituent go far towards accounting for the total loss of "C from the total amino acid fraction which is not recovered in protein.
In the control cells, the "C content of the other soluble amino acids also decreased steadily after the pulse. However, in contrast to the pattern observed for glutamate, the amount of "C which disappeared from the soluble fraction of most of the other amino acids was either matched or exceeded by "C recovered in the corresponding amino acid in the protein fraction. Exceptions to this were glycine and asparagine. None of the soluble glycine-"C was incorporated into protein, and there was a continuous accumulation of "C in soluble asparagine.
In the treated cells the soluble amino acids behaved quite differently. Many of the amino acids either retained their initially high amounts of "C or gained additional "C after the pulse (Table II) . The increase in "C was most pronounced in soluble asparagine and serine. After 120 min, twice as much asparagine-"C and five times as much serine-"C were present in the treated cells as compared to the control cells. Since serine and glycine are presumably closely linked metabolically Arginine   4245  75  98  Lysine  3720  210  94  Isoleucine  2845  210  93  Threonine  3500  615  82  Valine  1365  695  49  Proline  3840  2465  36  Leucine  4065  4300  5  Asparagine  4190  10790  260  Serine  485  1410 -P-Ia-nt Physiol. Vol. 48, 1971 (3, 10) , it was surprising to find only a small amount of "4C in glycine during the later stages of the experiment when 14C accumulated in serine. Some of the other amino acids such as glutamate, glutamine, aspartate, and alanine showed steady losses of "4C.
To determine if the inhibition of protein synthesis had any influence on amino acid synthesis, an analysis was made of the total 14C incorporation into individual amino acids between 0 and 120 min in the control and treated cells. Table IV shows a sample of the calculation, with threonine as the example. It is clear that the incorporation of a"C into threonine in the period 0 to 120 min was drastically reduced in the cells exposed to cycloheximide. No such reduction could be demonstrated for "4C incorporation into glutamate, aspartate, methionine, or alanine, since no net incorporation of "4C into these amino acids occurred in control cells. For five other amino acids, however, total 14C incorporation in the period 0 to 120 min was strongly affected by the concurrent cycloheximide exposure. As shown in Table V , the inhibition was particularly severe for arginine, isoleucine, lysine, and threonine, but the synthesis of labeled valine and proline was also markedly affected. In contrast, the synthesis of serine-55C was increased by a factor of 2.9, and the accumulation of soluble asparagine was increased by a factor of 2.6. Incorporation into leucine was virtually unaffected.
As shown in Figure 1 , the total "4C in protein after a short pulse of acetate-"4C remained essentially constant after the addition of cycloheximide. In a further experiment cells were exposed to acetate-2-1aC for 60 min (Fig. 2) . Under these conditions a much heavier labeling of the protein was achieved, and, when cycloheximide was added, a steady decline in "C content of the protein was evident at a rate of roughly 5% per hour. This was accompanied, as expected, by a rapid fall in "4C in soluble amino acids. At 180 min the cells were thoroughly washed to remove cycloheximide and resuspended in growth medium. During the subsequent 2 hr the loss of 14C from protein was arrested and it appeared that net synthesis was resumed for a limited period. The estimate of protein turnov-r by this method is somewhat higher than that determined in other systems by different methods (1, 12. 13 ).
DISCUSSION
Cycloheximide treatment had the anticipated effect of inhibiting protein synthesis; the incorporation of each labeled amino acid was rapidly brought to a virtual halt (Table III) . If there were no secondary repercussions, it might then have been anticipated that incorporation of "4C into free amino acids would continue at the same ratz as in control cells but accumulate there rather than in protein. This was not the case. For three of the amino acids, arginine, lysine and isoleucine, the net incorporation of "4C after thz pulse was reduced by over 90% by cycloheximide treatment and that into threonine, valine, and proline was strongly curtailed (Table V) . Most of the "4C that was incorporated into these amino acids in the presence of cycloheximide was recovered in the free amino acids. We believe that the increase in "4C in these free amino acids observed in the first 20 Direct proof of these contentions would, of course, require information about the concentrations of amino acids in the protein precursor pools and the demonstration that, when protein synthesis was stopped, increases occurred which were sufficient to inhibit the appropriate enzymes. Such increases would not necessarily be reflected in significant over-all increases of concentrations of total free amino acids, since the protein precursor pools are believed to represent only small fractions of the total cellular contents and are segregated in special compartments (1, 14, 17) . Measurements of concentrations of amino acids in the protein precursor pools would also be required to sustain the possibility that, rather than simple end product inhibition, more subtle controls over amino acids synthesis were being exerted.
The possibility that cycloheximide was acting as a general metabolic inhibitor is discounted for the following reasons. Firstly, in the concentrations used in the labeling experiments, cycloheximide had no effect on the basal respiratory rate, as shown by measurements of 02 consumption of cells suspended in dilute phosphate buffer (unpublished). Secondly, the effect of cycloheximide was selective; incorporation of '4C into some components, e.g., serine and asparagine, was actually stimulated, and that into leucine was essentially unaffected (Table  V) . Finally, utilization of labeled amino acids, e.g., glutamate, by reactions not leading to incorporation into protein was not affected by the cycloheximide treatment.
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